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ABSTRACT

Dynamic - transient loading effects from ex-
treme storm waves and earthquakes can have
important influences on the nonlinear ultimate
limit state performance of fixed offshore plat-
forms. Recorded and synthetic storm wave
and earthquake time histories have been used
to develop loading time histories acting on
template-type platforms having natural peri-
ods in the range of 1 to 5 sec. The interactions
of these loading histories with the dynamic,
nonlinear, hysteretic performance characteris-
tics of idealized systems have been analyzed.

A static push-over capacity modification factor
has been developed to recognize transient load-
ing - structure performance characteristics.
The results from the idealized systems have

" been correlated with results from time domain
nonlinear analyses of platform structure sys-
tems subjected to intense wave and earthquake
loadings. For the global behavior of the plat-
forms studied, the results based on the simpli-
fied systems are in good agreement with those
from the complex analyses.

References at end of paper-.

INTRODUCTION

Due to the transient and dynamic aspects of
most environmental loadings imposed on and
induced in offshore platforms, it can be im-
portant to recognize the differences between
loadings and loading effects.1:2:3 The term
"loadings" is taken to represent the forces
that are imposed on an offshore structure
that are fundamentally independent of how
the structure responds to the imposed forces. .
Such forces frequently are referred to as be-
ing static even though they vary with time.

The term "loading effects” is taken to repre-
sent the internal forces that are generated
within an offshore structure that are depen-
dent on how the structure responds to the
imposed forces.

Loading effects induced in an offshore struc-
ture are determined by: (a) the characteristics
of the loadings, and (b) the performance char-
acteristics of the structure, Table 1 summa-
rizes the primary loading and structure per-
formance characteristics (Fig. 1).
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This paper addresses Fv for extreme condition
wave and earthquake lateral forces developed
on conventional steel, template-type platforms
having natural periods (Tn) in the range of Tn
= 1to 5 sec.

Ductility () is used as a primary reflector of
the damage producing potential of the tran-
sient loadings. The ductility capacity of a
platform (Fig. 1) is determined by the lateral
displacement at which the structure can no

longer support its gravity loadings (Ap) di-
vided by the lateral displacement at which the
overall system demonstrates its first signifi-

cant nonlinear behavior (Ae):

The study summarized in this paper has been
focused on the performance characteristics of
elastic and nonlinear, hysteretic, single-de-
gree-of-freedom (SDOF) systems. This has
been done for three reasons. The first is for
simplicity in analysis and interpretation. The
analyses of SDOF systems are relatively easy
to perform and understand. A large number
of different parameters and characteristics
can be studied efficiently.

The second reason is related to the perfor-
mance characteristics of the type of platforms
that were of concern in this study. Generally
the first two lateral orthogonal modes control
the primary response characteristics of the
platforms. Nonlinear behavior is often con-
centrated in one of the three major compo-
nents that comprise the platform: the deck
supporting system, the jacket, and the pile
foundation. The nonlinear performance char-
acteristics of each of these components can be
different and SDOF systems can be utilized to
study the importance of these differences to
the loading effects induced in the platform
system.

A third reason is related to the objectives of
this study. The objective is not to understand

the details of how nonlinear and dynamic-
transient loadings affect individual elements
within a platform. Very detailed and complex
multi-degree of freedom (MDOF) analytical
models must be used for such purposes. The
objective of this study is to understand how
dynamic-transient loadings and the overall
nonlinear behavior of the platform interact to
influence the effective capacity of the platform
to resist intense environmental loading

- events.1,2,3

WAVE FORCE EFFECTS
Wave Records -

Results based on three recorded wave ampli-
tude time histories are discussed in this paper.
These are wave amplitude time histories
recorded in deep water during intense hurri-
canes in the Gulf of Mexico. They are identi-
fied as "Camille", "Juan", and "Elena". These
recorded time histories were chosen from the
most intense parts of the storms. Recorded
wave time histories were chosen for the initial
studies because they contain realistic combi-
nations of wave amplitudes, frequencies, and
phases. Fig. 2 is an example of one of the
recorded wave amplitude time histories used
in this study (Elena).

Synthetic wave amplitude time histories also
were studied. The component amplitudes, fre-
quencies, and phases in the recorded time his-
tories were determined from Fourier decompo-
sition analyses. The component amplitudes
and frequencies were retained and using ran-
dom phases the amplitude and frequencies
were linearly superimposed to develop other
realizations of wave amplitude time histories.
Two such synthetic time histories were gener-
ated from each of the recorded histories.

Short-term time histories having durations of
140 sec were used for the majority of the anal-
yses. This strategy was adopted after analy-
ses of longer term time histories having
lengths up to 1,200 sec indicated that the ex-
treme responses (largest ductilities) of the sys-
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Fig. 4. Wave force time history without deck
forces (recorded Elena)
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Fig. 5. Wave force time history with deck
forces (recorded Elena)

Idealized Systems

As a first step, the performance characteristics
of elastic-perfectly plastic (EP), non-cyclic de-
grading (ND), SDOF systems that had periods
in the range of Tn = 1 to 5 sec were studied.
As a base case condition, the viscous damping
ratio (D) was assumed tobe D = 5 %.
Damping in the range of 1 % to 10 % was stud-
ied. This amount of damping is attributed to
structural, foundation, and hydrodynamic
sources.9,10

Ductility spectra (plots of i versus Tn) are
presented in Fig. 6 as a function of the over-
load ratio (ratio of peak static force to maxi-
mum static load resistance) for EP ND SDOF
systems subjected to the recorded Elena force
history without deck wave forces (Fig 4).

Overload Ratio

DUCTILITY -p

PERIOD - sec

Fig. 6. Elena ductility spectra (recorded

- without deck wave forces)

There is a general increase in the ductility
demand with decreasing period and with in-
creases in the overload ratio. There are signif-
icant "peaks and valleys" in the ductility spec-
tra, particularly for Tn < 3 sec. Slight differ-
ences in Tn can result in substantial differ-
ences in the ductility demands.

The quadratic drag forces due to the wave and
current velocities can be expected to produce
force harmonics at even and odd multiples of
the primary force frequencies.11-13 The
primary force frequencies for the records
studied were in the range of 10 to 12 sec. The
major peaks in the ductility spectra appear to
be associated with these harmonics.

Note that ﬁhe ductility demand can be greater

than one (i1 > 1) even though the overload ra-
tio is less than one. This is due to the dynamic
forces induced in the system by the loadings.
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These ductility demand major peaks and
valleys could help explain why adjacent
platforms in hurricanes such as "Andrew"
could be expected to perform very differently.
For the same overload ratio, differences in the
mass and stiffness characteristics that could
result in differences in the periods of the
structures could result in dramatic differences
in ductility demands. As will be discussed,
differences in damping and cyclic - strain
degradation characteristics of the structures
could result in additional dramatic differences
in ductility demands.

Ductility spectra for the Elena record that in-
corporated deck wave forces are summarized
in Fig. 7. For a given period and the same
overload ratio, the ductility demands gener-
ally are much larger. This is due to additional
dynamic forces imparted to the systems by the
wave crest in the deck force spikes. Platforms
that have decks that are inundated not only
experience a significant increase in the maxi-
mum wave forces, but as well there can be an
impulsive dynamic loading effect (Fig. 5) that
will dramatically increase the ductility de-
mands in the structure.
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Fig. 7. Elena ductility spectra (recorded with
deck wave forces)

The ductility spectra for one of the synthetic
time histories based on the recorded Elena
amplitude time history (with deck wave

forces) are presented in Fig. 8. Even though
the random phase record has the same ampli-
tude and frequency components, it generally
produces higher ductility demands than the
record that preserved the recorded phases
(Fig. 7). The ductility demands depend on the
degree of periodicity of the forces that are de-
veloped in a particular time history in the sec-
tor of the time history that produces the max-
imum responses. The synthetic time histories
generally produced higher ductility demands
because of a greater degree of periodicity in -
the random phase wave amplitude time histo-
ries.
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Fig. 8. Elena ductility spectra (random
phases with deck wave forces)

Fig. 9 summarizes the ductility spectra for
recorded Camille amplitude time history (with
deck wave forces). Compared with Fig, 7
there are generally larger ductility demands
for given overload ratios associated with the
peaks in the spectra and about the same duc-
tility demands for the valleys. Note that the
peaks in the ductility spectra at Tn =~ 4 sec and
Tn = 2.6 sec occur at about the same periods in
all of the spectra.



et |

OTC 7140
30
Overload Ratio
1.7
2 20 3
! 0
- 038
-
=
©
S
a 101
0 Y ' T T ™ T
1 2 3 4 5
PERIOD - sec

Fig. 9. Camille ductility spectra (recorded
with deck forces) |

The effects of damping on the ductility spectra
are illustrated in Fig. 10. For a given overload
ratio, damping in the range of D= 1% to 10 %
generally is not important in determining the
ductility demands. The major exception is as-
sociated with the primary peaks in the ductil-
ity spectra. In the vicinity of these peaks, the
lightly damped systems develop significantly
greater ductility demands. The high degree of
periodicity associated with the primary force
harmonics results in a resonance effect that is
significantly influenced by damping.
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Fig. 10. Elena ductility spectra for various
damping ratios (recorded, without deck

forces, Fv = 1.0)
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SDOF degrading systems also have been stud-
ied. The degradation characteristics model
those determined from cyclic compression -
tension axial loading tests on a tubular braced
frame,14.15 The braces degrade in capacity af-
ter the peak buckling strength is reached and
also degrade in capacity as a function of the
intensity and numbers of cycles (Fig. 11). The
brace characteristics that have been studied
are based on braces that have effective length
to radius of gyration (KL/r) ratios in the range

- of 50 to 85, diameter to thickness ratios (D/t)

in the range of 30 to 40, and are fabricated
with A36 steel. These are characteristics typi-
cal of braces found in many template-type
platforms.
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Fig. 11. Analytical model of brace tensile -

‘compressive behavior

The effects of the simulated brace behavior on
the recorded Elena (without deck forces)
ductility spectra are illustrated in Fig. 12 for
an overload ratio of 1.0. The simulated brace
does not differ appreciably from that of a
comparable EP ND system except in the
vicinity of the peaks in the ductility spectra.
The lowered energy dissipation capacity in the
simulated brace system has an effect on the
ductility demand that is similar to that of an
EP system with lowered damping. This is an
aspect that warrants further study and
additional analyses of strain and cyclic
degrading SDOF systems are presently being
performed. :
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Fig. 13 and Fig. 14 summarizes the results
from the analyses of the EP ND systems in

terms of the capacity modifier, Fv, and the
ductility capacity, u, for Tn = 1.5 sec, D = 5 %,
with and without deck wave loadings for six of

the force time histories. The mean Fv—{t trend
together with an outline of the upper and
lower bounds are shown.
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Fig. 13. Capacity factors for given ductility
papa)cities (Tn = 1.5 sec, without deck load-
ings

Fig. 14. Capacity factors for given ductility
capacities (Tn = 1.5 sec, with deck loadings)

In the case of no deck wave forces, the Elena
recorded and synthetic time histories bracket
all of the other results. In the case of the time
histories that have deck wave forces, the Juan
recorded and Camille synthetic records
bracket all of the other results.

‘For a platform that could develop a ductility

capacity in the range of u = 3 to 4 and for the
case of no deck wave forces, the mean capacity
modifier would be Fv = 1.2. This modifier
would have a coefficient of variation (Vyy) of

VFv = 39 %. For the case with deck forces, Fv
=0.9,

Platform Response Characteristics

Nonlinear time-history wave force analyses
were performed on the platform shown in Fig.
3. The platform was loaded broadside with
the recorded Camille and Elena wave ampli-
tude time histories without deck wave forces.
The drag coefficients were increased to pro-
duce a maximum static lateral storm force

overload of Fv = 1.2.

The cyclic nonlinear behavior characteristics
of the platform braces and pile supporting
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soils were based on algorithms that have been
developed to describe the behavior of these el-
ements.14-17 The degradation in strength due
to plastic cycling and the increase in strength
due to strain rate effects were taken into ac-
count. The platform legs, piles, and deck legs
were modeled as elastic elements.6,18 Based
on results from ambient vibration measure-
ments that have been performed on this plat-
form?, damping was assumed as D = 5%. The
measurements indicated that the natural pe-
riod of the platform was Tn = 1.5 sec.

Fig. 15 summarizes the results from the
recorded Camille nonlinear time history anal-
yses as the time history of the broadside hori-
zontal displacements of the upper platform
deck. The first significant yielding of the plat-
form structural system occured at a displace-

ment of approximately Ae = 1.0 ft (the soils
yielded at much smaller displacements). The
nonlinear behavior was concentrated in the
platform's diagonal braces above the bottom
bay that contained the skirt pile bracing. The
maximum ductility demand was approxi-

mately p = 3.5. This result is in good agree-
ment with the ductility results from the SDOF
EP ND idealized system results summarized
in Fig. 10.
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Fig. 15. Platform displacement - time history

for overload factor of Fv = 1.2 (recorded
Camilie)
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Fig. 16. Platform displacement - time history

for overload factor of Fv = 1.2 (recorded
Elena)

Fig. 16 summarizes the comparable results
from the recorded Elena time history. The
peak ductility developed during the force time
history was p = 4.0, This result is in good
agreement with the ductility results from the
SDOF EP ND idealized system results sum-
marized in Fig. 10.

While these comparisons of results from com-

plete platform systems with those from ideal-
ized systems are limited, they are encourag-
ing. For the class of platform which has been
studied, the analyses indicate that the results
from idealized systems can be used to infer
the global capacity and ductility behavior of

* the complete platform system. The load - de-

formation performance characteristics of the
idealized system must be able to mimic the
behavior of the complete platform system.

Stewart has performed a study of the ultimate
limit state performance characteristics of an 8
- leg platform in a water depth of 459 ft (Tn =
2.0 to 2.3 sec) subject to dynamic wave forc-
ing.19 Stewart's study results are comparable
with those from this study. His results indi-

cate F'v = 1.2. Consideration of semi-ductile
member behavior and cyclic loading effects re-
sulted in Fv = 1.07 to 1.0.
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EARTHQUAKE FORCES

The ultimate limit state dynamic response of
simplified and complex structural systems
subjected to earthquake excitations has been
an area of intense research for more than 25
years.20-27 The concepts of elastic and nonlin-
ear response spectra, ductility based modifica-
tions to earthquake induced forces and similar
modifications to evaluations of structural ca-
pamtles are products of these develop-

ments. 28,29

The analyses summarized in this section re-
peat some of these earlier studies and extend
their applications to offshore platforms.

Ground Motion Time Histories

The response of SDOF and MDOF systems
subjected to twelve recorded earthquake hori-
zontal acceleration time histories have been
evaluated. The recorded time histories were
chosen to represent nearby and distant large
magnitude earthquakes recorded on sites that
could be characterized as firm alluvium. In
addition, six synthetic earthquake accelera-
tion time histories were studied. The earth-
quake acceleration components frequency con-
tent, phasing, and energy development char-
acteristics were defined analytically to model
the characteristics of large magnitude earth-
quakes shaking firm alluvium sites.

Idealized Systems

The earthquake loading effects were studied
for SDOF, EP ND systems having Tn=1to 5
secand D =5 %.

Ductility spectra for two of the recorded
earthquake time histories are shown in Fig.

17 (1940 El Centro SE) and Fig. 18 (1971 San
Fernando NW). The earthquake acceleration
magnitudes were scaled so that the records
would contain a peak imposed earthquake
force that equaled the yield capacity of the

~ SDOF EP systems (Fv = 1), and then each of
the records was progressively scaled up to

produce increasing overload factors and ductil-

ity demands. The F'v factor represents the
factor by which the record must be scaled up
(accelerations multiplier) to produce a given
ductility demand in the SDOF systems.

In many respects, the earthquake ductility
spectra are similar to the wave ductility spec-
tra. For SDOF system periods greater than
about Tn = 3 sec, there is not much variation
in the ductilities produced by a given earth-
quake excitation. For these long period sys-
tems large overload ratios are required to pro-
duce ductility demands greater than unity.
Due to the very small duration of the induced
earthquake forces relative to the natural peri- -
ods of the systems, there is a significant
"deamplification” of the induced forces. The
peak ductility demands of these long period
systems are determined by the peak ground
displacements developed during the earth-
quake time histories.

As for the wave ductility spectra, the ductility
demands progressively increase as the periods
become smaller. At the small periods, the
ductility demands are determined by the peak
ground accelerations.

The variability in ductility for a given earth-
quake record and for the different records de-
creases as the structure period increases.
Even though the records have been scaled to
produce equal peak forces on the SDOF EP
systems, the systems respond very differently.
This is a natural variability that is caused by
the differences in the earthquake horizontal
acceleration time histories.

Fig. 19 shows the ductility spectra for the
same San Fernando time history for SDOF
systems that have D = 10 %. As for the wave
ductility spectra, increased damping decreases
the peak magnitudes of the ductility demands
and smooth the ductility spectra. However,
for this range of periods, the effect of damping

~ is relatively small when compared with the

variability introduced by different earthquake
time hlstones
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Fig. 17. Ductility response spectra (1979
Imperial Valley, D = 5 %)
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Fig. 18. Ductility response spectra (1971 San
Fernando, D =5 %)

Fig. 20 presents capacity modifiers and ductil-
ity capacities for EP ND systems that have Tn
=1secand D=5 % for eight of the recorded

earthquake time histories studied. The mean

Fvis 50 to 60 % of . The coefficient of varia-

tion of Fv is in the range of 20 to 40 %. For
the synthetic time histories studied, the mean

Fvis 60 to 70 % of . The coefficient of varia-
tion of Fv is in the range of 10 % to 30 %. On

PERIOD - sec

Fig. 19. Ductility response spectra (1971 San
Fernando, D =10 %)
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Fig. 20. Capacity modifiers and ductility de-
mands for recorded earthquakes (Th=1.0
sec,D=5%)

These results are in good agreement with the
results from previous studies of EP ND sys-
tems.20-25 These studies have shown that for
this range of Tn and D, that the capacity mod-
ifier can be estimated as:
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Fv =

Comparisons of this relationship with the re-
sults summarized in Fig. 20 indicate that Eqn.
4 results in a conservative estimate of the

mean Fv.
Braced Frame Systems

The response of SDOF and MDOF systems
subjected to earthquake excitations have been
studied. The response of single and multiple
axially loaded brace systems whose nonlinear
response characteristics are typical of com-
pressive buckling and tensile yielding tubular
braces were analyzed (Fig. 11).

The first set of results were developed for
SDOF systems that had nonlinear hysteretic
performance characteristics of an axially
loaded single brace. The second set of results
were developed for MDOF systems that had
nonlinear hysteretic performance characteris-
tics of a multi-brace system characteristic of
the vertical bracing system of a horizontally
K-braced platform (transverse truss of jacket,
Fig. 21).

The platform is an unbattered 12-leg drilling
and production glatform located in a water
depth of 58 £.6,30 The platform has a natural
period of Tn = 1.0 sec (broadside and end-on)
and low amplitude damping of D = 5 %. These
characteristics have been confirmed with am-
bient vibration measurements.6

4

77 (////
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Fig. 21. Example platform analyzed to deter-
mine earthquake response characteristics

Results also were developed for the complete
platform subjected to the three-dimensional El
Centro earthquake acceleration time history.
The platform braces and pile soils were mod-
eled using nonlinear, hysteretic characteriza-
tions appropriate for these elements.14-17 The
deck and leg elements were characterized as
being elastic. The intensity of the El Centro
record was progressively increased and the
global ductility of the platform determined.
Results from the analyses of the single and
multiple brace systems, from the idealized EP
systems, and from the example platform all
subjected to the 1940 El Centro time history
are summarized in Fig. 22.
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Fig. 22. Performance characteristics of ideal-
ized, brace, and platform systems (Tn =1
sec, D = 5%) subjected to the 1940 El Centro
time history

For a given Fv, the EP systems indicate
somewhat lower ductility demands than the
single brace system and the platform system.
The ductility demands for the EP systems
having D =5 % and D = 10 % differ very
slightly. The EP systems bracket the behavior
of the multiple brace system. The single brace
performance indicates much higher ductility
demands due to its much lower hysteretic en-
ergy dissipation. The interactions of the ten-
sile and compression loaded multiple braces
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result in a system that has high hysteretic en-
ergy dissipation. The platform system indi-
cates ductility demands that are reasonably
well characterized by the EP system that has
D=5%.

Fig. 23 summarizes the results from this
study for SDOF EP ND systems having a pe-
riod of Tn = 2 sec. and damping D = 5 % for
the recorded earthquake time histories. The
mean results and upper and lower bounds
from the time history analyses are indicated.

1.6

CAPACITY FACTOR - F,

oob+ranm

2 2.5 3 3.5 4

DUCTILITY - p

Fig. 23. Capacity factors and ductility de-
mands for synthetic earthquakes (Tn = 2.0
sec, D =5 %)

For this range of SDOF system periods and
damping, previous studies have indicated that

the mean capacity modifier can be evaluated
as:20-25

‘This estimate provides and excellent fit to the
mean results from this study.

The performance characteristics of strain and
cyclic degrading SDOF systems also have been
studied.3% For systems having periods Tn = 2
sec. the mean results can be evaluated as:

where o is the residual stfength ratio (Table
1, Fig. 1).

Presented in Fig. 23 are results from nonlin-
ear time history analyses of complete platform
systems having natural periods of Tn = 2 sec
to 3 sec.6,31-33 The API platform 31 and
Platform 'F" ¢ are conventional 8-leg and 12-
leg platforms, respectively. The Cook Inlet
platform is a steel X-braced tower-type plat-
form.32,33

Results from a scale model of a vertical frame
that was extensively tested to determine its
performance characteristics when subjected to
earthquake induced force time histories also
are shown (indicated as "UCB test
frame").14,15 This test frame also has been
studied extensively by Bazzurro and
Cornell.34 The results developed by Bazzurro
and Cornell are very similar to those summa-
rized here.

For a given Fv, the complete platform systems
generally indicate greater ductility demands
than indicated by the SDOF EP ND systems.
The platform performance characteristics are
described much better by the SDOF strain -
cyclic degrading system results for residual .

strength ratios of . = 0.75 to o = 0.50.

CONCLUSIONS

Capacity meodifiers for platforms subjected to
extreme condition wave and earthquake forces
have been developed to adjust the ultimate
limit state lateral load resistance determined
from static push-over analyses. These capac-
ity modifiers are functions of the transient
loadings and the performance characteristics
of the platform systems (Table 1).

Based on the verification analyses that have
been performed on complete platform systems
and for the class of structures and perfor-
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mance characteristics studied, results from
idealized systems can be used to develop rea-
sonable evaluations of global capacity modi-
fiers if appropriate nonlinear hysteretic char-
acteristics are chosen for the idealized sys-
tems. Additional analyses of platform struc-
tures subjected to ultimate limit state inten-
sity loadings and analyses of idealized nonlin-
ear hysteretic systems are needed to further
develop these results.
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